Efficient detection of human respiratory viral pathogens is crucial in the management of patients with acute respiratory tract infection. Sequence-independent amplification of nucleic acids combined with next-generation sequencing technology and bioinformatics analyses is a promising strategy for identifying pathogens in clinical and public health settings. It allows the characterization of hundreds of different known pathogens simultaneously and of novel pathogens that elude conventional testing. However, major hurdles for its routine use exist, including cost, turnaround time, and especially sensitivity of the assay, as the detection limit is dependent on viral load, host genetic material, and sequencing depth. To obtain insights into these aspects, we analyzed nasopharyngeal aspirates from a cohort of 81 Thai children with respiratory disease for the presence of respiratory viruses using a sequence-independent next-generation sequencing approach and routinely used diagnostic real- 
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aboratories nowadays largely perform viral species-specific assays for virus diagnosis in clinical samples to increase the sensitivity of detection and reduce the time needed for diagnosis. However, an etiological agent cannot be identified in many cases despite the use of a wide range of sensitive diagnostic assays (1) (2) (3) (4) (5) . This can depend on the timing of sampling, performance of the individual assays, and also the involvement of divergent viruses that are not detected due to the high specificity of the assays. New perspectives for research and diagnostic applications of virus detection have opened up with recent advances in sequence-independent amplification techniques combined with next-generation sequencing platforms. These technologies are well known for their enormous output of sequence data at a relatively high but decreasing cost.
Sequence-independent next-generation sequencing approaches have been applied successfully to various fields in virology, including virus discovery, whole-virus genome reconstruction, and minority variant analyses (6) (7) (8) (9) (10) . Sequence-independent amplification of nucleic acids combined with next-generation sequencing technology and bioinformatic analyses is a promising strategy for the rapid identification of pathogens in clinical and public health settings. It allows the characterization of numerous known pathogens simultaneously and of novel pathogens that elude conventional testing. The general idea, however, is that it is unlikely that genomics-based tools will soon be used in a clinical diagnostic setting (11) . Its major hurdles are cost-effectiveness; high-throughput formats for clinical settings; turnaround time; the requirement for investments in bioinformatics tools, databases, and data management; training of personnel; and the reporting and interpretation of guidelines upon the identification of viruses of which the clinical relevance is not clear (12) . In addition, issues regarding patient privacy need to be resolved before the transition of genomics-based tools from a research setting to the clinic, as these tools yield sequence information from the host genome as well. Nevertheless, the costs for deep sequencing are still declining, and thorough comparisons of the sensitivities of sequence-independent next-generation sequencing approaches to those of current diagnostic assays are scarce.
Here, we describe the comparison of a sequence-independent next-generation sequencing approach to diagnostic real-time reverse transcriptase PCR (real-time RT-PCR) assays in a cohort of Thai children with respiratory disease. The data indicate that a sequence-independent next-generation sequencing approach is a relatively efficient tool for the simultaneous detection of multiple respiratory viruses, albeit slower than routine diagnostic real-time RT-PCR assays.
MATERIALS AND METHODS
Sample collection. The nasopharyngeal aspirates included in this study were collected for diagnostic testing from children with respiratory illness (n ϭ 261) from 2010 to 2013 and kept at the Center of Excellence in Clinical Virology, Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand (see Table S1 in the supplemental material). Out of 261 patients screened by standard diagnostic assays in Thailand for influenza A and B viruses (13) and (nested) in-house RT-PCR assays for human respiratory syncytial virus (RSV) (14) , human rhinovirus (HRV) (15) , enterovirus (EV) (15, 16) , human adenovirus (hAdV) (17) , human metapneumovirus (hMPV), human parainfluenza virus (hPIV) (18) , and human coronavirus (hCoV), 89 had no diagnosis, and samples from 81 of these patients were available for additional studies. As the (nested) inhouse RT-PCR assays in Thailand are not based on real-time PCR technology, it was assumed that this initial diagnostic screening may not have been optimal. The age distribution of the enrolled patients was between 8 days and 14 years. Patients were categorized into 1 of 4 groups: infant (Ͻ2 years), preschool age (2 to 5 years), primary school age (6 to 11 years), and secondary school age (12 to 15 years). Of the 81 patients, 66.7% were infants (n ϭ 54), 25.9% were in preschool (n ϭ 21), 3.7% were in primary school (n ϭ 3), and 3.7% were in secondary school (n ϭ 3) (see Table S1 ). The clinical severity of each disease case was defined as mild (a pediatric patient with acute respiratory tract infection [ARTI] complications without abnormal breath sounds and who did not require intubation) (9.9%; n ϭ 8), moderate (patients with ARTI symptoms and abnormal breath sounds who required intubation) (60.5%; n ϭ 49), or severe (patients with ARTI complications with abnormal breath sounds and who required intubation) (28.4%; n ϭ 23) (see Table S1 ).
Ethics statement. In compliance with relevant laws and institutional guidelines, ethical approval was obtained from the institutional review board of the Faculty of Medicine, Chulalongkorn University (IRB 493/ 2557). The study was conducted on anonymous stored clinical specimens. Patient identifiers, including personal information (e.g., name and address) and hospitalization numbers, were removed from these samples to protect patient confidentiality and do not appear in any part of the documentation in this study. Permission for specimen utilization was granted by the director of King Chulalongkorn Memorial Hospital, Thailand.
Sequence-independent next-generation sequencing. Depletion of host nucleic acids, isolation of viral nucleic acids, sequence-independent amplification, and next-generation sequencing with a 454GS Junior (Roche) were carried out as previously described (19) (20) (21) on 81 nasopharyngeal aspirates. Briefly, nasopharyngeal aspirates were centrifuged and filtered through a 0.45-m-pore filter, after which, the samples were treated with OmniCleave endonuclease (Epicentre; Illumina). RNA and DNA were extracted using the NucleoSpin RNA XS kit (Macherey-Nagel) and the High Pure viral nucleic acids kit (Roche). After first-and secondstrand syntheses, random PCR amplification was performed, and PCR products were purified using the MinElute PCR purification kit (Qiagen) (20, 21) . Subsequently, 12 samples were pooled for each library preparation, and unique sequence tags were added to the PCR products of each sample using the GS FLX Titanium rapid library MID adaptor kit, and a library of DNA fragments was prepared using a GS FLX Titanium library preparation kit (454 Life Sciences; Roche). The libraries of DNA fragments were sequenced on a 454 GS Junior instrument (454 Life Sciences).
Assembly. Exhaustive iterative assembly of sequences is part of a virus discovery pipeline written in the python 2.7 programming language, which includes trimming of reads and initial assembly with Newbler (454GS Assembler version 2.7; Roche), with standard parameters. Trimmed reads and initial contigs were subjected to assembly by CAP3 (version date, 21 December 2007) with standard parameters. The resulting singletons and contigs were iteratively assembled by CAP3 until no new contigs were formed. Subsequently, the trimmed reads were mapped back to the identified taxonomic units with Newbler (454 GSMapper version 2.7; Roche) using a minimum length of 75 nucleotides and otherwise standard parameters. The resulting contigs and singletons were filtered with DustMasker, which is part of the NCBI BLAST 2.2.25 suite of tools for sequences that contain Ͼ60% low-complexity sequences.
Metagenome analysis. After filtering the low-complexity sequences, the remaining taxonomic units were subjected to a BLASTN search against a database that contained only nucleotide sequences from birds (Aves, taxonomic identification [taxID] 8782), carnivores (Carnivora, taxID 33554), primates (Primates, taxID 9443), rodents (Rodentia, taxID 9989), and ruminants (Ruminantia, taxID 9845) with an E value cutoff value of 0.001 for the subtraction of potential host sequences. Sequences without hits in the host BLAST were then subjected to a BLASTN search against the entire nucleotide database with an E value cutoff value of 0.001. Due to limited capacity, all the sequences without hits were then subjected to a BLASTX search against sequences present in the GenBank nr database. BLAST hits were categorized by assigning taxonomic categories. The sensitivity of a deep-sequencing approach for detecting viruses is dependent on sequencing depth. In this study, the average number of reads analyzed per sample was ϳ10,000; inherently, the detection limit lies at ϳ0.01% of viral reads in the metagenome, which results in 1 viral read in the metagenomic data set per sample. The whole sequence-independent next-generation sequencing approach, including analysis, takes up to 5 days.
Diagnostic real-time RT-PCR assays. Total nucleic acid was extracted from an aliquot (200 l) of the 81 nasopharyngeal aspirates using the MagNA Pure LC total nucleic acid isolation kit and the MagNA Pure LC isolation station (Roche) and eluted in 50 l of elution buffer, according to the manufacturer's instructions. Subsequently, the 81 samples were screened for the presence of human rhinovirus, enterovirus, and human metapneumovirus by a real-time RT-PCR with primers and probes used in the routine molecular viral diagnostics setting of Erasmus Medical Center essentially as described previously (22), except hMPV-probe-2 was not used. For bocaviruses, 4 l extracted nucleic acid was amplified by a realtime PCR, as described previously (23).
Phylogenetic analysis. Alignments and phylogenetic trees were prepared with MAFFT version 7 (http://mafft.cbrc.jp/alignment/server/) and Molecular Evolutionary Genetics Analysis version 6 (MEGA6) (24) with corresponding sequences of representative members of the respective virus families (see Table S3 in the supplemental material). Neighbor-joining phylogenetic trees were created with 1,000 bootstrap replicates using pdistance (HRV and HBoV) and maximum-likelihood composite models (EV and hMPV) as described previously (25) (26) (27) (28) .
Nucleotide sequence accession numbers. Nucleotide sequences of obtained partial viral genomes were deposited in GenBank under accession numbers KM361520 to KM361530.
RESULTS
Eighty-one nasopharyngeal aspirates from Thai children with acute respiratory tract infections (ARTI) who visited two hospitals located in Thailand between 2010 and 2013 (see Table S1 in the supplemental material) were analyzed by random amplification combined with next-generation sequencing (19) (20) (21) . The taxonomic content of the different samples varied substantially (Fig.  1A) and showed no strong correlations with patient age or disease severity (data not shown). Although not significantly different, the moderate and severe disease cases seemed to have higher mean viral contents in the metagenome than did mild disease cases, in contrast to the bacterial contents, which were similar in mild, moderate, and severe disease cases (Fig. 1B and C) . The identified mammalian viral sequences belonged to the families Anelloviridae (ϳ57% of patients), Picornaviridae (ϳ51%), Herpesviridae (ϳ12%), Orthomyxoviridae (ϳ5%), Paramyxoviridae (ϳ20%), Parvoviridae (ϳ21%), Adenoviridae (ϳ9%), Papillomaviridae (ϳ4%), and Retroviridae (ϳ1%) ( Table 1; see also Table S2 in the supplemental material). Single and multiple infections occurred in 28% and 60% of the children, respectively (48% and 25% when only clinically well-established infectious respiratory pathogens able to induce disease on their own were calculated).
To obtain insight into the sensitivity of the deep-sequencing approach compared with that of the real-time RT-PCR assays routinely used for virus detection in clinical settings, we performed diagnostic real-time RT-PCRs for rhinovirus, enterovirus, hMPV, and bocavirus on the entire sample set. These viruses were chosen based on genome composition exemplifying both RNA (negative and positive stranded) and DNA viruses with genome sizes ranging from ϳ5.5 to 13 kb. A total of 23, 15, 3, and 21 patients were identified as positive for rhinovirus, enterovirus, hMPV, and bocavirus, respectively ( Table 2; Table S2 in the supplemental material). In general, a strong correlation was observed between the threshold cycle (C T ) and the percentage of viral reads identified by next-generation sequencing ( Table 2 ; Fig. 2A to D; see also Table  S2 ). These data suggest that the deep-sequencing approach was at least as sensitive as real-time RT-PCRs for rhinovirus and human metapneumovirus detection. However, the sequencing approach may be less sensitive than real-time RT-PCRs for enterovirus and bocavirus detection.
The sensitivity of a deep-sequencing approach for detecting viruses is dependent on sequencing depth (11) . In this study, the average number of reads per sample that were analyzed was ϳ10,000 (range, 452 to 34,116 reads per sample) ( Table 2; see also  Table S2 in the supplemental material); inherently, the detection limit was ϳ0.01% (range, 0.22% to 0.003%) viral reads in the metagenome ( Fig. 2A to D) . Upon exclusion of all samples with Ͻ10,000 analyzed next-generation sequencing reads (Fig. 2E) , the overall correlation between the C T values and percentages of viral reads identified by sequencing was very strong. A subset of samples was detected by only one of the two assays ( Fig. 2A to E) . The next-generation sequencing approach was negative in a small number of samples (n ϭ 8), with C T values of Ͼ30 (range, 30.4 to 34.7) ( Table 2 ; Fig. 2E ; see also Table S2 ). Conversely, in practically all cases in which real-time RT-PCR did not detect viral RNA/DNA and next-generation sequencing was positive (n ϭ 10), a low number of virus-positive reads (mean, 4.2; range, 1 to 14) was obtained with the next-generation sequencing approach (Table 2 ; Fig. 2A to E; see also Table S2 ). We checked whether any of the detected viral reads by deep sequencing were identical be- tween the 81 analyzed samples. This was the case for one bocavirus read of 159 bp, which was identical in the samples from patients CU58 and CU66. These patients, however, had 34 and 1,367 bocavirus reads, respectively, and the one identical read does not change the interpretation of our data. In addition to the exclusion of all samples with Ͻ10,000 analyzed next-generation sequencing reads, samples that contained one or only a set of identical HRV, EV, hMPV, or HBoV reads were assumed to be negative by the deep-sequencing approach (Fig. 2F) . The overall strong correlation between the C T values and percentages of viral reads identified by sequencing remained. An advantage of using a next-generation sequencing approach to detect viruses in clinical specimens is that it can also be used to obtain information regarding the virus species and/or type of virus that was identified, in contrast to the real-time RT-PCR assays used in this study. Indeed, we obtained virus type information (see Table S2 in the supplemental material). Near-full-length rhinovirus, enterovirus, human metapneumovirus, and bocavirus genomes were obtained from 11 different patients, in whom Ͼ10% of the analyzed reads (mean C T value, 20.7; range, 11.4 to 31.2) were of the described viruses (Table 2; see also Table S2 ). The genetic relationships of these viruses with representative viral genomes of the respective viral families were assessed (Fig. 3A to D) . Rhinoviruses from patients CB14, CB19, and CU106 showed the highest nucleotide identity (91.9%, 90.6%, and 83.6%) with HRV-A types 23, 61, and 88, respectively. The rhinoviruses obtained from patients CU41 and CU42 showed the highest nucleotide identity (ϳ97.6% and 67%) with HRV-C types 4 and 9, respectively, in the phylogenetic tree (Fig. 3A) . Rhinovirus CU42 may constitute a new rhinovirus C type (type 55), as it displayed the highest nucleotide identity (ϳ74%) to HRV-51, HRV-26, and HRV-36 (29) . Three near-complete enterovirus genomes were obtained from patients CU70, CU134, and CU171, and these genomes showed the highest nucleotide identity to enterovirus 68 strains from Japan and New Zealand (Fig. 3B) . The human metapneumovirus genome from patient CB22 was most closely related (ϳ98% nucleotide identity) to a genetic group A hMPV from China (Fig. 3C) . The two bocavirus strains from patients CU52 and CU66 were most closely related (ϳ99% nucleotide identity) to HBoV-1 strains previously identified in Thailand (Fig. 3D) . Thus, virus type information was available in the next-generation sequencing data.
DISCUSSION
In principle, random amplification combined with next-generation sequencing would be advantageous in clinical viral diagnostics, as there is no need to design specific primers to amplify target sequences. It eliminates the need for the design and validation of several tens or hundreds of specific primers/probes targeting multiple viral pathogens, and it does not require continuous adaptation of the primer sequences with the description of new variants and species. Instead, it allows the characterization of hundreds of different known pathogens simultaneously without a priori knowledge of the virus present and provides in-depth virus species/type information.
A recent review of the application of next-generation sequencing technology in clinical diagnostics described several major drawbacks, among which is the fact that random amplification results in the amplification of all nucleic acids, including host nucleic acids, suggesting that an analytical sensitivity similar to that of diagnostic PCRs cannot be expected, even with the increased depth of sequencing and specific pathogen enrichment steps applied (11) . Our data indicate that this may be less of a problem, as a strong correlation existed between the C T values from diagnostic real-time RT-PCRs and the percentages of viral reads identified by next-generation sequencing for rhinovirus, enterovirus, bocavirus, and human metapneumoviruses, which is in line with previous observations (30) . Using a next-generation sequencing platform that generated an average of 10,000 reads per sample, our sequencing approach was at least as sensitive as diagnostic real-time RT-PCRs for rhinovirus and human metapneumovirus detection. However, the deep-sequencing approach seemed less sensitive than did real-time RT-PCRs for enterovirus and bocavirus detection. This possibly reflects differences in the optimization of real-time RT-PCR assays and detection with nextgeneration sequencing. The detection of RNA viruses with the sequencing approach was generally better than for DNA viruses, which may be due to genome size differences and/or the nucleic acid isolation procedure, as the removal of host DNA was more substantial in the RNA isolation than in the DNA isolation procedure. As shown by Wylie and coworkers (31) , increasing the sequencing depth using other next-generation sequencing platforms with increased sequence output may increase the sensitivity of the next-generation sequencing approach even further. Thus, achieving an analytical sensitivity comparable to that of diagnostic real-time RT-PCRs using next-generation sequencing platforms may actually be possible.
A common belief is that the necessary genetic information required for accurate virus typing is unpredictable when partial sequences are acquired due to insufficient genome coverage (11) . This, however, depends on a number of variables, including the divergence of viruses within the virus families under study and which part of the genome is sequenced. In our study, typing information was readily available from next-generation sequencing data from 11 different patients in whom Ͼ10% of the analyzed reads (mean C T value, 20.7; range, 11.4 to 31.2) were of the described viruses. In line with previous observations, virus type information was obtained even when only a few sequence reads were available (31) . For example, most enterovirus-positive samples contained viral reads that were typed as enterovirus D type 68. Until recently, reports of respiratory infections due to enterovirus were rare, but over the past 3 years, outbreaks in Japan, the Philippines, and the Netherlands, as well as epidemic clusters in the United Kingdom, have implicated EV68 as an emerging respiratory pathogen (32) (33) (34) (35) (36) . Our data confirm previous observations regarding enterovirus 68 infections in Thailand (16) . In addition, we typed most of the rhinovirus-positive samples as being A, B, or C and obtained near-full-length genome sequences that were typed as A23, A61, or A88; C4; or a new type that we designated C55 (29) . All the hMPV strains were typed as A, the human bocaviruses were type I, and RSV (64% type A, 27% type B) and human herpesvirus (HHV) infections (22% HHV-6B, 67% HHV-5, 11% HHV-4) were typed as well.
The next-generation sequencing approach identified a number of viruses that are usually not screened for in respiratory infections using routine diagnostic assays, including Herpesviridae. It is of note that herpesviruses were identified in 12% of the samples analyzed here (mean, 0.24% of analyzed reads; range, 0.007% to 2%) and that they always occurred in combination with at least one other viral infection. This may be due to the detection of latent viruses, but it is also possible that respiratory disease caused by other viruses results in the reactivation of latent herpesviruses. However, it cannot be ruled out that human herpesviruses are involved in respiratory disease. Cytomegalovirus (CMV) infections have been described to cause pneumonia sporadically, and in this study, CMV was detected at relatively high levels using nextgeneration sequencing (ϳ2% of the analyzed reads) in an 8-month-old patient (CU188) and seemingly dominated the simultaneous RSV infection.
Another prominent observation was the detection of anelloviruses in respiratory samples from more than half of the children with respiratory illness. Anellovirus infections are commonly acquired during early childhood, during which the virus establishes a chronic productive infection with long-lasting detectable viremia (37) . They are endemic worldwide and can be detected in blood and various tissues in the body, including cerebrospinal and bronchoalveolar lavage fluid (37) . Many investigations have been carried out to unravel their epidemiological, clinical, and pathogenic properties, but at present, their causative role in disease is not considered likely. Previously, we showed that the incidence of human anelloviruses in vitreous fluid of patients with seasonal hyperacute panuveitis (SHAPU), a potentially blinding ocular disease occurring in Nepal that principally affects young children, was significantly higher than that in non-SHAPU patients. The data suggested that anelloviruses observed in vitreous fluid samples of patients with uveitis, but not in patients with retinal detachment, most likely originated from the systemic anellovirus pool upon inflammation-induced disruption of the blood-ocular barrier (38) . Likewise, inflammation in the respiratory tract sys-tem, caused by an infection, for example, may cause increased permeability of the capillary barrier, resulting in edema, an influx of inflammatory cells, and the concomitant increase in the amount of anellovirus in the respiratory tract.
One of the major questions is how to interpret next-generation sequencing data in terms of what is clinically relevant for the patient. The comparison of the next-generation sequencing data to real-time RT-PCR C T values showed that the interpretation may not need to be very different than the interpretation of C T values, as there is a very strong correlation between the percentage of viral reads detected and the C T value obtained from the same sample. However, as the sensitivity of the next-generation sequencing assay compared to that of the real-time RT-PCR assays is not the same for each RT-PCR assay, the next-generation sequencing assay may need to be validated with each real-time RT-PCR assay. In addition, our data show that multiple viral infections occurred substantially more often than did single-virus infections (60% versus 28%, respectively). Even when taking only well-established respiratory pathogens into account, 25% of the cases were multiple infections. In most cases, one of the detected viruses seemed to dominate. Although major hurdles for the routine use of nextgeneration sequencing approaches do exist, including cost, labor intensity, and especially turnaround time, the sensitivity of a nextgeneration sequencing assay may actually reach that of current diagnostic routine real-time RT-PCR assays, and it potentially provides more information regarding virus species/type, thus remaining of interest for virus diagnosis in clinical and public health settings. Although it might not be used for routine diagnostics at present, a sequence-independent next-generation sequencing assay may be applied to samples that remain negative with routine diagnostics and, as such, may function as an additional diagnostic tool with the added value of surveillance for (re)emerging viruses.
